In order to study the effects of initial damages, CFRP reinforcement, and chloride corrosion on the flexural behavior of prestressed concrete beams, ten prestressed concrete beams were designed and manufactured, which were preloaded with 0%, 40%, and 60% of the ultimate load to crack. en, part of the beams were reinforced by CFRP and immersed in chloride condition for 120 days. After that, the four-point bending tests were performed. en, the sectional strain, deformation, flexural stiffness, flexural capacity, ductility, and the cracking characteristics were researched. e test results demonstrate that the sectional strain of PC beams still follows the plane cross section assumption after a pure bending deformation considering of the initial cracks, chloride corrosion, and CFRP reinforcement. e initial damage accelerates the chloride corrosion, resulting in the loss of initial stiffness, ductility, and cracking load, and the reduction in flexural capacity is less than 10%, and the failure modes of these beams are prone to change from concrete crushing to shear failure. In the cracking stage, the reinforcement of CFRP inhibits the bending deformation, leading to the reduction in stiffness degradation rates and the increase of cracking load, and the ultimate load increases by 12.8%∼18.7%. e reinforcement of CFRP constrains the development of cracks, increases the cracks numbers by 50%∼130%, decreases the cracking rates of beam bottoms by 52.5%, and reduces the average crack widths by 65.8% at 195 kN. It can be seen that the reinforcing effect of CFRP is more significant compared with the weakening effect of short-term chloride corrosion and initial damage on the flexural behavior.
Introduction
Prestressed concrete structure has been widely promoted because of its high strength, excellent performance, and structure diversification. Also, these structures are more prone to be affected by the environment due to its composition and mechanical characteristics, such as high temperature, freezing, acid rain, and deicing salt corrosion. Chloride corrosion is the major influencing factor. Nowadays, the durability problems of these structures occur frequently, which needs to be replaced, repaired, and strengthened. e Sorell Causeway Bridge [1] in Australia was demolished, and the "S.Stefano" viaduct [2] in Italy collapsed suddenly, following the corrosion of prestressing tendons in the beams, due to the long-term exposure to an aggressive marine environment. Prestressing steel subjected to high permanent stress has generally poor resistance to corrosion [3] compared to the ordinary steel bar. e loss of cross area and mechanical behavior of steel strands and the degradation of bond behavior between concrete and steel strands [4] [5] [6] will have a significant influence on the safety of prestressed concrete structures. Li and Yuan [7] believed that the effect of slight corrosion rates (less than 2.87%) is not significant to the flexural capacity, but will lead to the remarkable degradation of ultimate deflection for the beams with wire rupture failure. e tests of Rinaldi et al. [8] and Zhang et al. [9] show that the ultimate capacity of PC beams decreases with the increase of corrosion degree and turns the failure mode from ductile to brittle. An analysis model is proposed by Wang et al. [5] to predict the failure and flexural strength of PC beams under chloride corrosion condition. A numerical model is proposed by Coronelli to simulate the effects of wire breaking in PC beams suffering from corrosion condition. Also, the local fracture of corroded steel strand in different locations in PC beam is simulated by Yang et al. [10] through a rapid corrosion test, and the test results show that the closer the corrosion fracture location is to the midspan, the more obvious the reduction in flexural stiffness and capacity is.
In practical engineering, the bridge is not only affected by the environment but also by fatigue loads. Some factors like low design standards overloaded for a long time or the vehicles' impact may lead to the damage on concrete bridges. e steels in the cracking area are always in a high stress state, even if the beam was unloaded completely, and there will be the residual cracks and deflection. e tests of Vicente et al. [11] and Recupero and Spinella [12] indicate that cracking and internal damage caused by cyclic loading will affect the bond behavior between steel strand and concrete, reduce the stiffness and natural frequency, and increase the vertical deflection and crack widths. e tests of Dasar et al. [13] show that the bending cracks of reinforced concrete beams exposed to the marine environment for a long time accelerate the corrosion rate of the steel, reduce the effective prestress and flexural capacity, and lead to the earlier failure.
Carbon fiber composite (CFRP) has the advantages of lightweight, high strength, corrosion resistance, and fatigue resistance. erefore, CFRP is widely used to strength and repair damaged bridges, while greatly reducing installation time and cost [14] . At present, the reinforcement of corroded prestressed concrete structures by CFRP has attracted much attention. Adham and Khaled [15] hold that the flexural capacity of corroded prestressed concrete beams can be restored after CFRP repaired, but the reduction in ductility is irreversible. Shaw and Andrawes [16] repaired a corroded PC beam by mortar, GFRP, and CFRP, the results show that the mortar repair is alone insufficient in regaining the concrete initial strength and stiffness, and CFRP laminates are superior to GFRP laminates in regaining the stiffness and flexural capacity. e reinforcement of CFRP to prestressed concrete beams with damages has also been concerned by many scholars [17] [18] [19] [20] . It is thought that the bearing capacity and stiffness of beams with damages due to overload and vehicle impact can be effectively restored after the CFRP reinforcement. At present, there are few research studies on the CFRP reinforcement of prestressed concrete beams with bending cracks and exposed to chloride environments, and such damage condition is more close to the actual project and more worthy to be studied. e four-point bending tests were applied on all test beams. And the effects of CFRP reinforcement, initial bending cracks, and chloride corrosion on the distribution of cross-sectional strain, structural deformation, flexural stiffness, flexural capacity, crack propagation, and failure modes were researched.
Experimental Programs
2.1. Concrete Specimens. Ten pretensioned prestressed concrete beams were designed and manufactured. Commercial concrete was adopted, and the concrete strength grade was C40. All beams have the same dimension of 150 × 250 × 2200 mm. e beams were reinforced by four 14 mm deformed bars at top and bottom and seven 6 mm stirrups with 100 mm at beam end. e beams were pretensioned with two 12.7 mm strands, and the initial prestress of the strand is 558 MPa, which is about 0.3 times of the yield strength. e details are shown in Figure 1 .
e average yield strength of the prestressed strand, the deformed bars, and the 6 mm plain bars was 1860 MPa, 335 MPa, and 235 MPa, respectively, and the elastic modulus was 195 GPa, 200 GPa, and 210 GPa, respectively. e average compressive strength of 28-day concrete for all the beams was 49.4 MPa.
Test Condition.
In order to simulate the influence of initial cracks, CFRP reinforcement, and chloride corrosion on the flexural behavior of PC beams, ten beams were applied different loading conditions, respectively. e test conditions of all beams are listed in Table 1 .
In order to simulate the influence of initial damage on the durability of PC beams, six beams were preloaded to crack with 40% and 60% of the ultimate load. e distributions and parameters of initial cracks are shown in Figure 2 and Table 2 .
en, the beams were reinforced by CFRP, and U-shaped hoops were set at both ends, such as beam C0-1, C40-1, C60-1, C0-2, C40-2, and C60-2. e reinforcing scheme of CFRP is shown in Figure 3 , and the mechanical properties of CFRP are shown in Table 3 .
After preloading and CFRP reinforcement, the beams were immersed in a deicing salt solution for 120 days. e components of the solution are CaCl 2 and MgCl 2 , and the concentration is 5%. It can be seen in Figure 4 .
Loading Process.
e actions of multifactor, such as initial damage, CFRP reinforcement, and chloride corrosion, change the bond performance between steel bars and concrete and affect the propagation of bending cracks. e design codes are very difficult to predict the flexural behavior and crack widths of these PC beams. e four-point bending tests were employed to study the effects of multifactor on the flexural behavior in the current study. Each beam was simply supported and had a pure bending span of 600 mm and two shear spans of 600 mm. Figure 5 shows the details of loading setup. e loading process was divided into two stages. e first stage was controlled by load until reaching 85% of the ultimate load of the control beam. e load was applied step by step at a rate of 5 kN per step until crack load, then the rate was 10 kN per step. e second stage was controlled by deflection, and the loading increment was 0.6 mm per step. e loading test was stopped when the carrying capacity dropped to 75% of the ultimate load. e vertical deflections at the midspan were measured by a displacement sensor. Electrical resistance strain gauges were pasted on the midspan section to measure concrete strains. Arrangement of the gauges is shown in Figure 5 . One side of the beam was painted white and was marked with 5 × 5 cm grids to facilitate the detection of cracks.
Test Results and Discussion

Distribution of Cross-Sectional Strain.
e strain distribution curves of PC beams are shown in Figure 6 . In the approximately elastic stage, the strains of concrete at different heights are small and vary linearly. After cracking, the strains increase rapidly. And the section in the midspan, perpendicular to the beam longitudinal axis, is still plane after a pure bending deformation. It is found that the sectional strain at the midspan of the test beams still follows the plane section assumption after preloading, chloride corrosion, and CFRP reinforcement.
According to the strain distributions of beams C0-3, C40-3, C60-3, C0-2, C40-2, and C60-2, it can be seen that, after the immersion in chlorine salt for 120 d, the steel bars were corroded and expanded, resulting in microcracks in the surrounding concrete. During the loading process, the corrosion microcracks developed rapidly until the strain gauge failed. And the corrosion microcracks in the beam with the initial damage cracked earlier under the loading process. At the same time, CFRP pasted on the bottom has little effect on chloride corrosion.
It can be seen from Figure 6 that the ultimate compressive strain of control beam A1 and CFRP reinforced beams C0-1, C40-1, and C60-1, which are under natural conditions, is about 0.002. e ultimate compressive strain of CFRP reinforced beams C0-2, C40-2, and C60-2 in chloride condition is about 0.002. And the ultimate compressive strain of beams C0-3, C40-3, and C60-3 is about 0.001. It follows that the ultimate strain of concrete decreases with the corrosion of steel in the beam, and the Beam Advances in Civil Engineering reinforcement of CFRP decreases the effect of corrosion on the ultimate strain. Also, the relationship between the reduction of strain and corrosion and CFRP reinforcement remains to be studied. With the increase of load grades, the neutral axis moved up from the middle of the beam. After cracking, the movement increases and the height of the compression zone decreases gradually. e compressive concrete depths of each PC beam under the ultimate load are shown in Figure 7 . Under natural condition, the compressive concrete depth of the CFRP reinforced beam is higher than that of the control beam, and that of each beam decreased compared with that of the control beam under chloride corrosion for 120 d. Also, the compressive concrete depths of beams C0-1, C40-1, C60-1, C0-3, C40-3, and C60-3 decrease with the increase of the initial damage degree, while the law of C0-2, C40-2, and C60-2 is not obvious. e chloride condition leads to the corrosion of the steel strand. As the corrosion degree increases, the sectional area of the steel strand decreases. e experiment in the literature [21] indicates that the corroded steel strand is more prone to slip during the bending test, and the slip rate and ultimate slip value increase with the corrosion degree. e bond slip between the steel strand and the concrete has occurred during the preloading process. erefore, the bond performance between the steel strand and concrete has been weakened after preloaded to crack or corroded by chloride condition. And the tension stress of the steel strand decreased than that in the control beam under same load grade. For the CFRP reinforced beam, the section curvature and the arm of force between steel bars, steel strand, CFRP, and compressive concrete are smaller than those of the control beam under the action of equivalent load. It makes the neutral axis height lower than the control beam and the compressive concrete depth higher than the control beam. Also, the section curvature and the arm of force decrease with the increase of damage and corrosion degree. Due to the limited data and errors, the distribution of cross-sectional strains of PC beams and the variation in the compressive concrete depths under the action of multifactor are still to be studied.
Flexural Behavior
Load-Deflection Curves.
According to the test results, the load-deflection curve of PC beams in the midspan is drawn, as shown in Figure 8 . With the increase of load grade, the deflection in the midspan goes through three stages:
(1) In the approximate elastic stage, the deformation of the PC beam behaves linearly and slowly. However, the initial flexural stiffness of the beams decreases with initial damage, so the deformation rates of these beams in this stage are higher than that of the control beam. After chloride corrosion of 120 d, the stiffness of the beams decreases further and the deformation rates increase further than that of the control beam. (2) In the cracking stage, the bottom concrete was loaded to crack and exited the work. CFRP gives play to its high tensile strength, so that the stiffness degradation rate and the deformation rate of CFRP strengthened beam decrease. Under natural conditions, the initial damage has little effect on the flexural stiffness; however, the coupling of chloride corrosion and initial damage reduces the stiffness and accelerates the deformation of the structure in this stage. (3) In the failure stage, the test beams yield and maintain a high bearing capacity, and the deflection in the midspan increases rapidly. Arriving at the ultimate bearing capacity, the structure is destroyed.
Flexural Stiffness.
In order to analyze the degradation of the flexural stiffness of PC beams under different working conditions, all test beams are considered as homogeneous elastic material models. As the loading time is short and the deflections along the longitudinal sections are different, so the "minimum stiffness principle" is adopted. For the members under flexural load, the deflection is obtained by quadratic integration of curvature:
where w is the deflection, ρ is the radius of curvature, M x is the bending moment of the beam plane, and B s is the shortterm stiffness. e midspan deflection of the test beam is obtained by solving the above integral. e test beam is simply supported by static loading at two points. e shortterm stiffness of the test beam can be obtained by transforming the formula (1), as shown in the following formula:
where S is the deflection coefficient related to the supporting condition and load form, through calculation, the value of S is 23/216. P is the load value, f is the deflection in the midspan, and l o is the calculated span. According to formula (2), the short-term stiffness of the midspan section is calculated, as shown in Figure 9 . Before cracking, the flexural stiffness of the test beams is basically unchanged, and the initial stiffness of the nondestructive beams C0-1, C0-2, and C0-3 is close to that of the control beam. Under the chloride condition, the initial flexural stiffness of beams C40-3 and C60-3 with initial cracks decreases by about 32.5% and 47.8% compared with the control beam and that of the CFRP reinforced beams C40-2 and C60-2 decreases by about 44.1% and 39.7%, respectively. Under the natural conditions, the initial stiffness of the CFRP reinforced beams C40-1 and C60-1 decreases by about 12.8% and 20.4%, respectively, compared with the control beam. After cracking, the stiffness of the test beams decreases with the increase of load grade. Moreover, the degradation rates of the stiffness of CFRP reinforced beam are lower than that of the control beam.
It can be seen that the change rule of the stiffness of the test beams is consistent with that of the deflection in the midspan. e initial flexural stiffness of the test beams is decreased due to the initial cracks. After the chloride corrosion, the cross-sectional areas of the internal steel bars and strands are decreased, the bond behaviors between the steel strand and concrete are weakened, and the effective prestress is decreased accordingly. erefore, the flexural stiffness of the test beams decreases with the increase of damage degree under the same load grade. After strengthened by CFRP, CFRP exerts its high tensile performance in the cracking stage and inhibits the structural deformation, and the degradation rates of the flexural stiffness of the CFRP reinforced beams are reduced compared with the control beam. However, CFRP reinforcement has little effect on the initial flexural stiffness.
Cracking Load and Ultimate Load.
e effective prestress of the PC beam is calculated according to the cracking load of midspan concrete, as shown in Table 4 . It can be seen that the effective prestress and cracking load of control beam A1 are similar to the theoretical value. It can be considered that there is no sustained loss of effective prestress since the end of the curing period. However, after chloride corrosion of 120 d, the effective prestress of beam C0-3 decreased by 20% compared with the theoretical value, Advances in Civil Engineering Advances in Civil Engineering and the cracking load decreased by 14%. It shows that the chloride corrosion on the steel strand leads to the degradation of its bond behavior with concrete. e flexural behaviors of the test beams under the various working conditions are shown in Table 5 . e cracking load of the test beams decreased after chloride corrosion and increased after the CFRP reinforcement compared with that of the control beams.
After chloride corrosion of 120 d, the ultimate loads of beams C0-3, C40-3, and C60-3 were reduced by 1.2%, 2.4%, and 9.0%, respectively, compared with the control beam A1. When the initial damage degree is low, the weakening effect of short-term chloride corrosion on the flexural behavior is not obvious, and the weakening effect increases with the initial damage degree. Under natural conditions, the ultimate loads of the CFRP reinforced beams were increased by 15.0%∼18.7%. Under chloride condition, the ultimate loads of the CFRP reinforced beams were increased by 12.8%∼ 16.2%. Chloride corrosion reduces the flexural capacity slightly. It is considered that the strengthening effect of CFRP significantly increases the flexural capacity, while the chloride corrosion and initial damage weaken the flexural behavior. When the three factors are coupled, the strengthening effect of CFRP is dominant compared with the weakening effect of chloride corrosion and initial damage.
Ductility.
As can be seen from Table 5 , CFRP pasted on the beam bottom exerts its high tensile strength to restrain the bending deformation, and ultimate deflection decreases. erefore, the ductility of the CFRP reinforced beam decreases. Under the chloride condition, the structure with initial damage is more likely to be corroded by chloride, resulting in early failure of the structure. erefore, the ultimate deflection and ductility are reduced significantly.
CFRP reinforcement can inhibit the structural deformation, but not reduce the chloride corrosion. erefore, 
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C0 Advances in Civil Engineering the ultimate deflection and ductility of the CFRP reinforced beams in chloride condition are further reduced than those of the control beams and slightly larger than those of unreinforced beams. Due to the limited data, the changes in flexural capacity and ductility under the coupling of multiple factors still need to be further studied.
Cracking and Failure
Crack Patterns.
During the loading process, new cracks appeared firstly in the middle span and below the loading points of the test beams. e cracks in the pure bending span developed vertically upward with the increase of load steps. When the neutral axis reached to the maximum height, the cracks are no longer continued. en the oblique cracks in the shear spans extended rapidly. e distribution maps of cracks are shown in Figure 10 . e parameters of cracks in the pure bending span are shown in Table 6 . During the cracking stage, initial cracks, CFRP reinforcement, and chloride corrosion all have impacts on the cracks of PC beams. According to their locations and causes, the cracks in Figure 10 can be divided into three categories, as is shown in Figure 11 :
(1) Major cracks caused by bending stress appear in the midspan and below the loading points of the test beams. And the distribution of major cracks depends Advances in Civil Engineering on the comprehensive bonding properties between the steel bar and concrete. Corrosion of steel bars caused by chloride leads to microcracks surrounded the steel bars. Bending stress makes the microcracks continue to develop and form the second type of major cracks. erefore, such cracks occur above the corroded steel bars. (2) Minor cracks occur near the major cracks. e local bond stress between concrete and CFRP increases with the increases of load. When the local tensile stress of concrete between major cracks reaches the ultimate tensile strength, the minor cracks appear between major cracks. Due to the low influence height of bond stress, such cracks are relatively short. (3) CFRP peeling cracks are the third kind of cracks.
Arriving at the ultimate load, there has a tendency of local peeling between the CFRP and concrete at the beam bottoms, and the peeling cracks are short and inclined or even parallel to the bottom surface and intersect with the major cracks and then cause the peeling off of the CFRP and concrete.
Failure
Modes. e failure modes of the test beams are shown in Figure 12 . In the bending test, the major cracks in the pure bending span of the control beam are vertically upward and evenly distributed with the increase of load grade. When the ultimate load is reached, the concrete beams A1, C0-1, C40-1, C60-1, and C40-2 are crushed.
Under the chloride condition, the crack patterns and the numbers of unreinforced beams C0-3, C40-3, and C60-3 are similar to that of the control beam, and part of the major cracks are developed from the position where the steel bars or strand was corroded. In addition, the reduction in the cross-sectional area of the steel bars and stirrups leads to the weakening of shear capacity. Arriving at the ultimate load, the oblique cracks are penetrated from the support to the loading point, leading to the concrete crushing at the loading point, and the compressive strength of the concrete on the midspan was not fully utilized. And the structure is subjected to shear failure.
Compared with the control beam, the surface cracks in the CFRP reinforced beams are denser, and there are more short minor cracks and peeling cracks. For example, under natural conditions, the crack numbers of the CFRP reinforced beams in the midspan are about 1.7∼2.3 times that of the control beam, and under chloride environment, the crack numbers of the CFRP reinforced beams in the midspan are about 1.5∼2 times that of the control beam A1. Arriving at the ultimate load, the concrete of the CFRP reinforced beams in the midspan or under the loading point are crushed, and CFRP is fractured and peeled off. In this experiment, the damage on CFRP is not serious, which can prevent the concrete from disintegrated and falling off on a large scale.
Crack Widths.
e average widths of the major cracks on different heights of PC beams are shown in Figure 8 . It can be seen that the crack widths shift linearly with the Advances in Civil Engineering 11 increase of load steps.
e average widths of cracks on bottoms of CFRP strengthened beams C0-1, C0-2, C40-1, C40-2, C60-1, and C60-2 are all significantly smaller than that of the unreinforced beams A1, C0-3, C40-3, and C60-3. e cracking widths of the CFRP reinforced beams are slightly smaller than that of the unreinforced beams at a height of 5 cm from the beam bottom. At a height of 10 cm from the beam bottom, the gaps of the crack widths between the CFRP reinforced beams and the unreinforced beams are not obvious.
As can be seen from Figure 13 , the reinforcement of CFRP has a greater impact on the development of cracks compared with initial damage and short-term chloride corrosion. erefore, the average crack widths of CFRP reinforced and unreinforced beams were fitted with the linear method. When the load is 115 kN, the average crack widths of the CFRP reinforced beams at 0 cm, 5 cm, and 10 cm from the beam bottom decrease by 29%, 11%, and 5%, respectively, compared with that of the unreinforced beams. When the load is 195 kN, they decrease by 52.5%, 32.5%, and 17.5%, respectively. At the same time, the average crack widths of the unreinforced beams at 5 cm and 10 cm are 31.1% and 56.3% smaller than those at the bottom, while the average crack widths of the CFRP reinforced beams at 5 cm and 10 cm are only 3.1% and 24% smaller than those at the bottom. e cracking rates of the test beams are shown in Figure 14. e cracking rates of unreinforced beam gradually decrease with the increase of cracking heights. For example, the cracking rate at the beam bottom is 1.25 μm/km, and the cracking rate at 5 cm and 10 cm decreased by 36.4% and 71.0%, respectively. e cracking rates of the CFRP reinforced beams at 0 cm, 5 cm, and 10 cm are almost same, and the cracking rates are 65.8%, 45.7%, and 26.7% lower than that of the unreinforced beams, respectively.
In conclusion, the average crack widths and cracking rates of the CFRP reinforced beams at the same heights are always smaller than those of the unreinforced beams, and the gaps between them increase with the load steps and decrease with the increase of crack heights. Initial damage and short-term chloride corrosion have no obvious effects on the process of cracking. However, CFRP has a significant constraint on the development of cracks, and the effect decreases with the increase of crack heights. Also, the influence height of constraint is related to the thickness, layer numbers of CFRP, and other factors, which need to be further studied.
Conclusions
Ten pretensioned concrete beams designed with different test conditions were tested. And the effects of initial cracks, CFRP reinforcement, and chloride corrosion on the flexural behavior, cracking characteristics, and failure modes were discussed. e following conclusions can be drawn based on the test. (1) Considering the initial cracks, chloride corrosion, and CFRP reinforcement, the sectional strain of the test beams still follows the plane section assumption after a pure bending deformation. (2) e initial flexural stiffness is reduced by initial cracks and chloride corrosion, and CFRP reinforcement has little effect on the initial flexural stiffness. Before cracking, the flexural stiffness of the test beams is basically unchanged with the load steps. In the cracking stage, the stiffness decreases with the increase of load steps. And CFRP pasted on the beam bottom exerts its high tensile performance in this stage, inhibits the structural deformation, and reduces the degradation rate of flexural stiffness compared with the control beam. (3) e effect of chloride corrosion increases with the degree of initial cracks. Under the chloride condition of 120 d, the effective prestress of the PC beams is weakened, cracking loads and ductility are reduced, and the ultimate loads are reduced by less than 10%. And the failure mode is prone to change from concrete crushing failure to shear failure. After the reinforcement of CFRP, the cracking loads of the test beams increase, the ductility of these beams is reduced compared to the control beam and increased compared to the chloride corrosion beams, and the ultimate loads increase than the control beam by 12.8%∼18.7%. When the three factors are coupled, the enhancement effect of CFRP is more obvious than the weakening effects of short-term chloride corrosion and initial damage. (4) CFRP reinforcement has a constraint effect on the development of cracks, and the effect decreases with the increases of crack height. erefore, the average crack width and cracking rate of the CFRP reinforced beams at the same height are always smaller than those of the unreinforced beams. When the load grade is 195 kN, the average crack widths of the CFRP reinforced beams at 0 cm, 5 cm, and 10 cm from the beam bottom are 52.5%, 32.5%, and 17.5% smaller than that of the unreinforced beams, and the cracking rates are reduced by 65.8%, 45.7%, and 26.7%, respectively.
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